
JOURNAL OF VIROLOGY, May 2009, p. 4624–4630 Vol. 83, No. 9
0022-538X/09/$08.00�0 doi:10.1128/JVI.02335-08
Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Electroporation of Synthetic DNA Antigens Offers Protection in
Nonhuman Primates Challenged with Highly Pathogenic Avian

Influenza Virus�

Dominick J. Laddy,1 Jian Yan,1 Amir S. Khan,2 Hanne Andersen,3 Amanda Cohn,3 Jack Greenhouse,3
Mark Lewis,3 Jody Manischewitz,4 Lisa R. King,4 Hana Golding,4

Ruxandra Draghia-Akli,2 and David B. Weiner1*
Department of Pathology and Laboratory Medicine, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 191041;

VGX Pharmaceuticals, Inc., The Woodlands, Texas 773812; Bioqual, Inc., Rockville, Maryland 208503; and U.S. Food and
Drug Administration, Center for Biologics Evaluation and Research, Office of Vaccines Research and Review,

Division of Viral Products, Bethesda, Maryland 208924

Received 8 November 2008/Accepted 3 February 2009

Avian influenza highlights the need for novel vaccination techniques that would allow for the rapid design
and production of safe and effective vaccines. An ideal platform would be capable of inducing both protective
antibodies and potent cellular immune responses. These potential advantages of DNA vaccines remain unre-
alized due to a lack of efficacy in large animal studies and in human trials. Questions remain regarding the
potential utility of cellular immune responses against influenza virus in primates. In this study, by construct
optimization and in vivo electroporation of synthetic DNA-encoded antigens, we observed the induction of
cross-reactive cellular and humoral immune responses individually capable of providing protection from
influenza virus infection in the rhesus macaque. These studies advance the DNA vaccine field and provide a
novel, more tolerable vaccine with broad immunogenicity to avian influenza virus. This approach appears
important for further investigation, including studies with humans.

Since highly pathogenic avian influenza (H5N1) virus began
infecting humans in 1997 (4), there has been a strong drive to
develop effective vaccines against it. Studies of patients that
have succumbed to infection with this virus reveal a fundamen-
tally different pathology than that of epidemic influenza. Hu-
man influenza is primarily an infection of the upper respiratory
tract (URT), predominantly infecting epithelial cells of the
trachea and bronchi (29). In contrast, H5N1 influenza virus
primarily infects the lower respiratory tract (LRT) of humans,
including type II pneumocytes and alveolar macrophages (28,
29). This infection leads to diffuse acute edema, alveolar dam-
age, and the induction of severe cytokinemia resulting from
alveolar macrophage infection (5, 7). Restriction to the LRT
likely contributes to the inability of the virus to pass easily from
person to person, which requires a high level of replication in
the URT to allow for aerosolization and transmission of viral
particles. The severe cytokine dysregulation seen with H5N1
influenza virus is also reminiscent of the devastating pathology
associated with the 1918 influenza virus (14). Modern his-
topathological analyses of autopsy samples from human influ-
enza cases from 1918 revealed significant damage to the lungs,
with acute, focal bronchitis and alveolitis associated with mas-
sive pulmonary edema, hemorrhage, and rapid destruction of
the respiratory epithelium (13). Furthermore, recent studies
have suggested that death from the 1918 influenza was likely
the result of secondary bacterial pneumonia (3). Death from

infection with H5N1 is linked directly to viral infection and
replication, suggesting a virus potentially more pathogenic
than the 1918 influenza virus. Concerns about a potential pan-
demic revolve around the possibility that this virus could ac-
quire the ability to replicate to high titers in the URT of
humans, while retaining its significant pathogenicity.

Complicating efforts to develop an effective vaccine is the
diversity of strains within the H5N1 subtype. Most viruses
sequenced fall into one of several distinct clades, including
clades 1, 2.1, and 2.2 or 2.3, 2.4, and 2.5, some of which further
segregate into distinct subclades. However, there is little anti-
body cross-reactivity between these clades, and newer isolates
of clade 1 viruses, in addition to a number of clade 2.2 and 2.3
viruses, demonstrate antigenic heterogeneity (30). The ability
of consensus sequences to induce protective and cross-reactive
immune responses against H5N1 has been previously reported.
We have previously shown the ability of such DNA vaccines to
induce cross-reactive cellular immune responses (18). In addi-
tion, Chen et al. has shown that DNA-encoded consensus H5
hemagglutinin can induce antibodies capable of inhibiting mul-
tiple subclades within H5N1 and providing various levels of
protection in a murine challenge model (6).

Due to the lack of suitable challenge models, there are
questions that remain unanswered in the development of
next-generation influenza virus vaccines for both epidemic
and pandemic influenza. Nonhuman primates (NHPs),
whose physiology most closely resembles that of humans,
have several limitations as models. Similar to humans infected
with seasonal influenza, infected monkeys will often develop
subclinical infections with few markers to assess disease sever-
ity and correlates of immunity. Infection of macaques with
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highly pathogenic H5N1 influenza virus has proven unsatisfac-
tory as a model for human infection, as infection in macaques
is associated with pathology in the LRT (16, 23) resulting from
viral replication in type I pneumocytes rather than type II
pneumocytes, as seen in human infection, and limited infection
in alveolar macrophages (23, 29). These and other factors
contribute to a challenge model with important differences
from human infection: challenge studies report a low or tran-
sient fever, no weight loss, no cytokine dysregulation, and no
fatal outcome (12, 16, 23, 25). However, these studies show
that the virus can replicate and induce significant pathology in
the NHP lung, which allowed us to ask important questions
unanswered by challenge of species with lower phylogenies.
Importantly, this includes the potential of cellular immunity to
impact viral respiratory infection. While many studies using
small animal models of infection suggest that cell-mediated
immune responses can provide protection from influenza mor-
bidity and mortality, there have been no prospective experi-
ments in primates to confirm these results, and many clinicians
believe antibodies are necessary and sufficient. The NHP
model is very relevant for studying the induction of both cel-
lular and humoral immune responses and comparing different
routes of immunization to achieve these results.

The effect of vaccination upon H5N1 infection has been
studied, using inactivated virus to induce protective humoral
immune responses in NHPs. While these responses demon-
strated inhibition of replication, the initial viral loads in these
challenges were relatively low, and the impact of these re-
sponses on lung pathology remained unclear.

We previously reported protection from H5N1 influenza
virus in a ferret infection model following immunization by
electroporation of a three-plasmid synthetic consensus vaccine
cocktail (SynCon) or a single vaccine formulation containing a
plasmid encoding the influenza virus nucleoprotein (which in-
duces no protective antibodies) (18). The current NHP studies
were designed to extend these findings in multiple directions as
follows: (i) to determine if immunization by electroporation of
the consensus plasmid vaccine could induce strong immune
responses in primates; (ii) to determine the optimal route of
immunization to induce the correlates of immunity previously
studied; and (iii) to compare the clinical impact of those cor-
relates in vivo following viral infection.

MATERIALS AND METHODS

DNA vaccines. The DNA vaccine combination (pComb) and the pNP-only
plasmid vaccine used in this study have been described previously (18). Briefly,
consensus sequences were generated by aligning multiple primary sequences
(obtained from the Los Alamos National Laboratory influenza sequence data-
base) and choosing the most common amino acid at each position to generate a
sequence not necessarily found in nature (synthetic) but which retained charac-
teristics of the component sequences chosen. Sequences were then optimized for
codon usage, RNA structure, and GC content and were synthesized. Synthetic
genes were then subcloned into a pVax expression vector (Invitrogen). For the
NHP studies, DNA preparations were made at VGX Pharmaceuticals, Inc. (The
Woodlands, TX), as previously described (11) and formulated at 10 mg/ml in
water plus 1% (wt/wt) poly-L-glutamate sodium salt.

Challenge virus. The high-pathogenicity avian influenza virus strain A/Vietnam/
1203/2004 (H5N1), which was used for the monkey challenge, was obtained from
the Centers for Disease Control and Prevention (Atlanta, GA). Stock virus was
expanded in the allantoic cavities of 10-day-old embryonated chicken eggs at
37°C for 24 h and stored at �70°C. The 50% egg infective dose of this virus stock
was 108.7/ml. All experiments with the high-pathogenicity avian influenza virus
were conducted in the Bioqual, Inc., biosafety level 3� containment facility

(Rockville, MD), approved for use by the U.S. Department of Agriculture and
the CDC. The low-pathogenicity avian influenza virus H5N1-PR8 reassortant
strains used for the hemagglutination inhibition (HAI) assay were obtained from
the CDC or from NIBSC, Hertfordshire, United Kingdom. Experiments with the
low-pathogenicity avian influenza virus strains were conducted in a biosafety
level 2� containment facility approved for use by the USDA and the CDC. Seed
stocks were expanded in 10-day-old embryonated chicken eggs at 35 to 37°C for
48 h and stored at �70°C.

Macaque studies. Rhesus macaques were housed at Bioqual, Inc., in accor-
dance with the standards of the American Association for Accreditation of
Laboratory Animal Care. Animals were allowed to acclimate for at least 30 days
in quarantine prior to any immunization. Four groups of five rhesus macaques
were immunized at weeks 0, 4, and 8 with 1 mg/construct (at a concentration of
10 mg/ml) of pVax (intramuscularly [i.m.]); pH5HA, pNP, and pN1NA (i.m.);
pH5HA, pNP, and pN1NA (intradermally [i.d.]); and pNP (i.m.). DNA was
delivered into the quadriceps muscle (i.m.) or skin (i.d.), followed by in vivo
electroporation. Square-wave pulses were used in all experiments and adminis-
tered by using an adaptive constant current electroporator, the Cellectra device
(VGX Pharmaceuticals, Inc., The Woodlands, TX). Two types of arrays were
used. The electrode array used for i.m. electroporation is a circular array (1-cm
diameter) of five equally spaced 21-gauge solid stainless steel needle electrodes
mounted on a nonconductive material. All i.m. electroporation immunizations
were performed at 0.5 A, with 3 pulses at 52 ms/pulse and 1-s intervals between
pulses. The i.d. microelectrode array consisted of three 26-gauge solid stainless
steel needle electrodes, 3 mm in length, placed in an isosceles triangle formation
(the two long sides are 5 mm in length, and the short side is 3 mm in length) and
mounted on nonconductive material. All i.d. electroporation immunizations
were performed at 0.2 A, with 2 pulses at 52 ms/pulse and 1-s intervals between
pulses, followed by a 3-s rest period and another 2 pulses under identical con-
ditions (2 by 2 pulse pattern).

Blood collection. Animals were bled every 2 weeks. Ten milliliters of blood was
collected in EDTA tubes, and peripheral blood mononuclear cells were isolated
by standard Ficoll-Hypaque centrifugation and resuspension in complete culture
medium (RPMI 1640 with 2 mM/liter L-glutamine, 10% heat-inactivated fetal
bovine serum, 100 IU/ml penicillin, 100 �g/ml streptomycin, and 55 �M/liter
�-mercaptoethanol). Red blood cells were lysed with ammonium chloride-po-
tassium (ACK) lysis buffer (Cambrex BioScience, East Rutherford, NJ).

HAI assay. Sera were treated with receptor-destroying enzyme by diluting 1
part serum with 3 parts enzyme and were incubated overnight in a 37°C water
bath. The enzyme was inactivated by a 30-min incubation at 56°C, followed by the
addition of 6 parts phosphate-buffered saline for a final dilution of 1/10. HAI
assays were performed in V-bottomed 96-well microtiter plates, using 4 hemag-
glutination units of virus and 1% horse red blood cells as previously described
(27). Viruses used for the HAI assay are reassortant strains obtained from either
the influenza branch of the CDC (Atlanta, GA) [clade 1, A/Vietnam/1203/2004
(H5N1)/PR8-IBCDC-RG; clade 2.1, A/Indonesia/05/2005 (H5N1)/PR8-IBCDC-
RG2; and clade 2.3.4, Anhui/01/2005/PR8-IBCDC-RG5] or from NIBSC (United
Kingdom) (clade 2.2, A/turkey/Turkey/1/2005/NIBRG-23 [reference strain]).

Microneutralization assay. Neutralizing antibody activity was analyzed in a
microneutralization assay based on the methods of the pandemic influenza virus
reference laboratories of the CDC (24, 26, 27). All sera were treated with a
receptor-destroying enzyme overnight, followed by heat inactivation. Low-patho-
genicity H5N1 viruses (A/Vietnam/1203/2004 [SJCRH, clade 1]; A/Indonesia/5/
2005 [PR8-IBCDC-RG2, clade 2.1]; A/turkey/Turkey/1/2005 [NIBRG-23, clade
2.2]; and A/Anhui/1/2005 [IBCDC-RG5, clade 2.3.4]), generated by reverse ge-
netics, were obtained from St. Jude’s Hospital (Memphis, TN), the CDC, and
NIBSC.

Tracheal lavage. Primates were sedated as previously described for the chal-
lenge and placed in dorsal recumbency, and the mouth was opened manually.
The epiglottis was opened with a laryngoscope, and a syringe containing 2 ml of
sterile, buffered, physiological saline used for washing was attached to a sterile
tube 2 to 3 mm in diameter and inserted into the epiglottis. Two milliliters of
sterile saline solution was pushed through the tubing and then collected and
aliquoted into two vials.

ELISPOT assay. Enzyme-linked immunospot (ELISPOT) assays were con-
ducted as previously described (17). Briefly, ELISPOT 96-well plates (Millipore,
Billerica, MA) were coated with anti-human (clone GZ-4; Mabtech, Cincinnati,
OH) gamma interferon (IFN-�) capture antibody and incubated overnight at
4°C. The following day, plates were washed with phosphate-buffered saline and
blocked for 2 h with R10. Peripheral blood mononuclear cells from each group
were added to each well and stimulated overnight at 37°C in the presence of R10
peptide (negative control) or specific peptide antigens (10 �g/ml) (Invitrogen,
Carlsbad, CA). The peptide pools consisted of 15-mer peptides overlapping by 11
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amino acids. After 24 h of stimulation, the cells were washed and incubated for
24 h at 4°C with anti-human (clone 7-B6-1; Mabtech) IFN-� capture antibody.
The plates were washed, streptavidin-alkaline phosphatase (R&D Systems, Min-
neapolis, MN) was added to each well, and the mixtures were incubated for 2 h
at room temperature. The plates were washed, and BCIP (5-bromo-4-chloro-3-
indolylphosphate)/Nitro Blue Tetrazolium chromogen (R&D Systems, Minne-
apolis, MN) was added. The plates were then rinsed with distilled water and
dried. Spots were counted by an automated ELISPOT reader (Cellular Tech-
nology Limited, Shaker Heights, OH).

Viral challenge. Virus (A/Vietnam/1203/2004) was diluted in L-15 tissue cul-
ture medium to a concentration of 1 � 106 50% egg infectious dose per ml. One
milliliter of the virus dilution was inoculated into the trachea and 0.5 ml into each
nostril. Animals were sedated with ketamine hydrochloride (10 mg/kg i.m.). For
the intratracheal inoculation, the animal was placed in dorsal recumbency, and
the mouth was opened manually. The epiglottis was opened with a large laryn-
goscope, and the small end of a sterile French rubber feeding tube (size 10, cut
to 4 in. in length) was inserted into the glottis with the inoculation syringe
attached. Once in place, the inoculum (1 ml) was injected into the trachea. The
catheter was left in place while the inoculum syringe was removed and replaced
with a syringe containing 2 ml of sterile, buffered physiological saline used for
washing the catheter to ensure that all of the inoculum had been introduced into
the trachea. For the i.n. inoculation, 0.5 ml inoculum was administered with a
sterile luer-tip syringe introduced approximately 3 to 5 mm into each nostril.
Body weights, temperature, and food intake were measured, and clinical obser-
vations were recorded.

Determination of viral titers. For RNA isolation, tracheal lavage samples were
spun down at 10,000 � g for 1 h, liquid was poured off, and 1 ml of RNA Stat-60
(IsoTex Diagnostics, Friendswood, TX) was added. Samples were then incubated
at room temperature for 5 min and resuspended in 250 �l of chloroform by
vortexing. The samples were spun down at 10,000 � g for 1 h, the aqueous top
layer was removed, 0.5 ml of isopropanol and 10 �l of tRNA (10 �g/ml) were
added, and the mixture was precipitated overnight at �20°C. Samples were spun
down for 1 h, washed with cold 75% ethanol, and spun again for another hour.
RNA was resuspended in 30 �l RNase-free water. For real-time PCR, 10% RNA
was added to TaqMan reagents (Applied Biosystems, Foster City, CA) along
with primers and probe (listed below) and amplified in a 7700 sequence detection
system (Applied Biosystems). Briefly, the sample was reverse transcribed at 48°C
for 30 min, held at 95°C for 10 min, and then run for 40 cycles at 95°C for 15 s
and at 60°C for 1 min. The signal was compared to a standard curve of known
concentrations of RNA, from 106 copies/ml down to 1 copy/ml, and multiplied by
10, giving a detection range from 20 to 107 copies/ml. All samples were run in
triplicate. The primers and probe were designed to bind to a highly conserved
region on the nucleoprotein gene. The primer sequences were VIETA-U, 5�-
CGT CTC AAG GCA CCA AAC G-3�, and VIETA-D, 5�-GTA GAA CCT
CCC AAT GCC AC-3�. The probe sequence was VIETA-P, FAM-GGA ACG
CCA GAA TGC TAC TGA GAT CAG GGC-TAMRA, where FAM is 6-car-
boxyfluorescein and TAMRA is 6-carboxytetramethylrhodamine.

Histopathology. Early deaths did not occur among the animals in the study; all
animals survived to the scheduled necropsy time point at 10 days after challenge.
Animals were euthanized via sodium pentobarbital overdose (�100 mg/kg, in-
travenously). At termination, a complete gross necropsy was conducted by testing
facility personnel. Tissues were preserved in 10% neutral buffered formalin and
sent to Pathology Associates International’s Frederick, MD, facility for process-

ing and histopathological evaluation. Appropriate tissues were trimmed, pro-
cessed, embedded in paraffin, sectioned at approximately 5 �m, and stained with
hematoxylin and eosin. The resulting glass slides were examined by a board-
certified veterinary pathologist, and all microscopic pathology findings were
directly entered into a Microsoft Office Excel (version 2003 SP2) spreadsheet.
Histopathological evaluations were performed by the undersigned veterinary
pathologist on the livers, spleens, tracheas, tonsils, hearts, and lungs from the 20
macaques. For each animal, at least 5 fields were analyzed; the analyzer was
blinded to animal group. The sections were visualized, using a Zeiss Axioplan 2
microscope with a 10� objective. Digital images of the slides were captured,
using a CoolSnap digital color camera (Roper Scientific, Tucson, AZ) equipped
with MetaMorph software (Universal Imaging Corporation, Downington, PA).

Statistical analysis. Statistical analysis of the data was performed using Mi-
crosoft Excel or GraphPad Prism software. Data analysis was carried out with
treatment comparisons using the Wilcoxon signed-rank test or one-way analysis
of variance, where statistically significant results were defined as having a P value
of less than 0.05. The viral load comparison between the groups at each time
point was performed using the unpaired Student’s t test, where statistically
significant results were defined as having a P value of less than 0.05. Correlations
were established by using the Pearson test.

RESULTS

Humoral immunogenicity of plasmid-based influenza virus
vaccines in nonhuman primates. Primates were immunized
three times with a previously described (18) consensus SynCon
influenza pComb vaccine by i.m. or i.d. electroporation or
received i.m. a pNP plasmid that induces only cellular immu-
nity (see Materials and Methods). HAI assays were performed
on clade-matched (clade 1) and divergent H5N1 viruses to
compare the ability of our synthetic vaccine to induce relevant
and cross-reactive antibody responses in primates, in addition
to comparing the routes of immunization in inducing such
responses. As detailed in Table 1, following the second immu-
nization, 100% of macaques (5 of 5) in both the i.m. and i.d.
groups developed HAI titers over 1:40 against a clade 1 virus.
Each of these animals also developed HAI titers above 1:40
against a divergent clade 2.3.4 virus. In addition, 4 of 5 ma-
caques in both the i.m. and i.d. groups had detectable levels of
inhibition against a clade 2.2 virus. Inhibition of a clade 2.1
virus was detectable following the second immunization, al-
though at a lower level.

Microneutralization assays were also performed on sera fol-
lowing the third immunization. In contrast to HAI assays,
which test the ability of antibodies to inhibit virus-receptor
binding, microneutralization assays test the ability of antibod-
ies to inhibit actual infection in vitro. Both i.m. and i.d elec-

TABLE 1. HAI and microneutralization data for multiple clades of H5N1 influenza virus

Assay and parameters
Mean titers (range) of antibodies to indicated clade:a

Clade 1 A/Vietnam Clade 2.1 A/Indonesia Clade 2.2 A/Turkey Clade 2.3.4 A/Anhui

HAI
2nd Immunization

i.m. 160 (80–320) 36 (20–80) 110 (0–320)4/5 80 (40–160)
i.d 664 (40–1,280) 120 (20–320) 205 (0–320)4/5 592 (40–1,280)

3rd Immunization
i.m. 288 (160–640) 32 (0–80)3/5 36 (20–80) 84 (20–160)
i.d. 416 (160–640) 64 (0–160)2/5 145 (20–320) 276 (20–640)

Microneutralization
3rd Immunization

i.m. 144 (40–360) 8 (0–40)1/5 32 (0–80)2/5 88 (0–160)4/5

i.d. 740 (20–2,560) 96 (0–320)3/5 296 (0–1,280)3/5 1,172 (20–2,560)

a Superscript values represent the number of responders in the group.
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troporation induced relatively high microneutralization titers
against a clade 1 virus; i.d. immunization induced higher levels
of clade-matched and cross-clade neutralization against all
clades in a majority of macaques. Furthermore, i.d. immuni-
zation induced significant neutralization of clade 2.3.4 viruses
in 4 of 5 macaques.

Cellular immunogenicity of plasmid-based influenza vac-
cines in nonhuman primates. We analyzed the ability of the
i.m. and i.d. routes of immunization to induce cellular immune
responses as determined by IFN-� ELISPOT assays. We included
a group immunized i.m. with only pNP in order to determine the
impact of cellular immune responses in the absence of antibody
during viral challenge. Figure 1a shows the results of the IFN-�
ELISPOT assay 2 weeks following the third immunization: i.m.
immunization with electroporation (mean count, 2,007 	 897;
range, 623 to 3,644) or with pNP alone (mean count, 707 	
315; range, 218 to 2,128) induced strong cellular immune re-
sponses to each administered antigen in the cocktail. In con-
trast, i.d. immunization with electroporation induced weaker
responses (mean count, 90 	 40; range 0 to 263). The average
responses over time are also shown (Fig. 1b), each time point
being 2 weeks after the previous vaccination. Naïve macaques
showed no antigen-specific responses at any point during the
study.

H5N1 challenge of vaccinated macaques. To determine if
the induced immune responses were capable of impacting in-

fection, macaques were inoculated through the i.n. and intra-
tracheal routes with H5N1 influenza virus. The challenge virus
(A/Vietnam/1203/04) was able to infect and replicate in rhesus
macaques and, as expected, did not cause lethal disease. The
high levels of replication in naïve animals allowed us to study
the impact of vaccine-induced immune responses on viral
shedding. As shown in Fig. 2, naïve macaques had high levels
of replication by day 2. In a trend that continued throughout
the remainder of the study, macaques immunized i.d. with
pComb showed the greatest reduction in viral loads compared
to vector-immunized controls, with an average reduction of 5
logs by day 6. Nevertheless, viral loads were significantly de-
creased in all treated groups (P 
 0.003, as determined by
one-way analysis of variance). Viral load reductions were also
analyzed independently, with the pComb-treated group (i.m.
or i.d.; P 
 0.05) showing significant differences compared to
the naïve group or pNP group at day 4 postchallenge. At day 6
postchallenge, all treated groups had significantly lower viral
loads than the naïve animals (pComb, P 
 0.01; i.d. pComb,
P 
 0.0001; pNP, P 
 0.03), while the group treated i.d. with
pComb also had significantly lower titers than the pNP group
(P 
 0.003). A strong correlation between decreased viral
titers and prechallenge HAI was seen in the group vaccinated
i.d. with pComb at day 4 postchallenge (r2 � 0.75), with a
weaker correlation detected in the group vaccinated i.m. with
pComb at day 4 postchallenge (r2 � 0.36).

Histopathology findings. Significant differences in lung pa-
thology were observed between immunized and control ma-
caques (Fig. 3). The principal histopathological changes evi-
dent in lung sections of both vaccinated and vector-treated
control macaques included minimal to moderate interstitial
pneumonia. Control macaques exhibited significant pathology,
with peribronchobronchiolar cellular inflammation and infiltra-
tion by mixed inflammatory cells (mainly lymphocytes, eosino-
phils, and macrophages) that extended into adjacent alveolar
septa, in addition to significant edema. Macaques immunized

FIG. 1. Cellular immune responses. Fig. 1a shows ELISPOT assay
results from individual macaques 2 weeks after the third immunization
against each of the administered antigens. Figure 1b shows the mean
ELISPOT assay results for each group over time (each time point
being 2 weeks following the previous immunization), with each error
bar showing 	 1 standard error of the mean. SFU, spot forming units;
PBMC, peripheral blood mononuclear cell; IM, intramuscular; ID,
intradermal.

FIG. 2. Viral replication following challenge. Real-time PCR was
performed on tracheal lavage samples every other day after challenge.
Average viral loads 	 standard errors of the means are shown. Viral
loads were significantly decreased by pComb treatment (i.m. or i.d.;
P 
 0.05) compared to those for the naïve or pNP group at day 4
postchallenge. At day 6 postchallenge, all treated groups had signifi-
cantly lower viral loads than the naïve animals (pComb, P 
 0.01; i.d.
pComb, P 
 0.0001; pNP, P 
 0.03), while the group treated i.d. with
pComb also had significantly lower titers than the pNP group (P 

0.003). IM, intramuscular; ID, intradermal.
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FIG. 3. Histopathological analysis of lung tissue. Two panels are shown for each control, i.m., i.d., and i.m. pNP group. All slides have been
stained with hematoxylin and eosin. The histopathology of lung tissue after animal sacrifice 10 days after challenge is shown. For the control panels,
“a” indicates edema, “b” indicates infiltration, “c” indicates inflammation, and “d” indicates peribronchobronchiolar infiltration and inflammation.
IM, intramuscular; ID, intradermal.
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both i.m. and i.d. with pComb showed significant protection from
inflammation, infiltration, and edema: vaccinated animals had
little or no microscopic edema, peribronchobronchiolar infiltra-
tion, or inflammation. Interestingly, however, the macaques vac-
cinated with pNP alone showed moderate inflammation and
edema but highly decreased levels of infiltration. There was no
significant pathology detected in the livers, spleens, tracheas, ton-
sils, and hearts of any of the groups.

Clinical observations. No vaccine-related adverse clinical
signs or effects on body weight gain were observed with any of
the vaccines. NHP weights remained stable throughout the
study, with no monkey having a greater than 	1.5% change in
body weight. Animals were sacrificed on day 10 postchallenge.

DISCUSSION

Current strategies for vaccination against influenza virus rely
on the induction of serotype-specific antibodies to prevent
infection. One of the initial challenges encountered in devel-
oping vaccines against H5N1 influenza virus was the inability to
reliably induce seroconversion to the target antigen (H5 hem-
agglutinin) (20). Reasons for this include the difficulty in pro-
ducing conformationally correct recombinant H5 hemaggluti-
nin and the difficulty in growing the virus in chicken eggs,
owing to its own pathogenicity. DNA vaccines avoid this prob-
lem by taking advantage of the host cellular machinery that
would otherwise produce virus. However, induction of serocon-
version in primates with DNA vaccines has proven difficult. Fur-
thermore, this problem is compounded by the diversity of circu-
lating H5N1 viruses, which have proven difficult to target with a
single vaccine (8, 19). The current study combined the novel
strategy of in vivo electroporation with synthetic consensus vac-
cines delivered by either i.m. or i.d. immunization. This technique
has been used for a series of vaccines, with some entering human
clinical trials (1). Nevertheless, systematic studies regarding the
impact of the route of vaccination of DNA vaccines delivered by
in vivo electroporation on the type of immune responses gener-
ated in NHP and on the impact these responses have on primary
infection have not been performed. In our case, we showed that
significant protection from severe disease can be offered by con-
ventional i.m. immunization in addition to the easier-to-adminis-
ter i.d. methodology.

The induction of protective titers of antibody against clade-
matched virus in all animals, vaccinated both i.m. and i.d.,
following two immunizations showed that the DNA is tran-
scribed and translated into an antigen bearing functionally
relevant epitopes and that in vivo electroporation is an efficient
means of delivering this vaccine. Significant cross-reactivity
was also observed against clade 2.2 and 2.3.4 viruses (with all
macaques having detectable levels of inhibition against each
clade by the third immunization), with detectable levels of
inhibition against the more difficult clade 2.1. Interestingly,
each of these responses trended upward in the i.d.-adminis-
tered vaccine group. These responses proved capable of reduc-
ing both viral replication and the primary causes of respiratory
distress seen in influenza virus-infected individuals (edema,
inflammation, and infiltration).

Extensive research with small animal models (2, 10, 15, 22),
in addition to several analyses in humans (9, 21), suggests that
cellular immunity could play a role in protection from the

morbidity and mortality associated with influenza virus infec-
tion. Contributing to the rational behind this approach are the
highly conserved nature of influenza virus nucleoprotein, con-
served regions within other influenza virus antigens, and the
promiscuous nature of T cells. Inducing these responses in
primates has proven difficult, and thus this hypothesis remains
inconclusive. In our study, in contrast to that for antibody
responses, the level of induction of cellular immune responses
was considerably higher in i.m.-vaccinated macaques. Both
i.m.-administered pComb and i.m.-administered pNP pro-
duced responses of significant magnitude and breadth against
administered antigens, while responses in the i.d.-administered
pComb group were detectable but significantly lower. In the
setting of infection with H5N1 influenza virus, greater protec-
tion was provided by the immune response elicited by i.d.
vaccination. This may have been due to the higher level of
antibody responses observed in this group or to the induction
of a qualitatively different cellular immune response not de-
tectable by the ELISPOT assays. Better protection from chal-
lenge, as shown by the decreased viral loads, was obtained by
using i.d. immunization. This finding is supportive of the su-
periority of antibody responses over cell-mediated immunity in
mediating protection against H5N1 infection in monkeys, but
this issue will be addressed in depth in future studies. However,
the ability of cellular immune responses alone to impact influ-
enza virus infection with significant inhibition of viral replica-
tion and protection from virus-induced lung pathology is an
important finding in this study. While the presence of antibody
would be beneficial, having potent cellular immune responses
present to augment incomplete or absent antibody recognition
could significantly impact the toll of epidemic and pandemic
influenza. Human clinical trials will be conducted to confirm
these findings in the ultimate model of protection.
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